Introduction
Graphene is a one-atom-thick layer of carbon atoms with a hexagonal lattice. It attracted great attentions in industrial applications due to its excellent mechanical and electrical properties [1] [2] [3] . For instance, in nuclear industry, graphene is highly considered as candidate material for in-core structural materials for Gen (IV) nuclear energy systems. Also, in High Temperature Gas-cooled Reactors (HTGRs), graphite acts as a good moderator of neutron [4] , hence reproducing graphite with high tolerance to irradiation damage which is desirable. Pristine graphene has extraordinary mechanical properties, arising from high formation energies of defects and strong bonding of carbon atoms [5] . However, large scale production of graphene can be synthesized commercially by using the chemical vapor deposition (CVD) method. Thus, the product is polycrystalline graphene composed of crystallites and grain boundaries (GBs) [6] [7] [8] . In polycrystalline graphene, carbon atoms in grain boundaries are less ordered adjacent atoms than those in homogeneous pristine graphene. Such arrangement of atoms in each GBs makes GBs favorit path for crack propagation which eventually lead to loss of their mechanical properties. Experimental studies on the mechanical properties of graphene reported that it is one of the most strong materials having an elastic modulus of 1.0 TPa [9, 10] , which exceeds those of any previously existing materials for instance steels. In their recent experiment, Zhang et al [11] have shown experimentally that the fracture toughness of graphene, measured as the critical stress intensity factor, is about . On the other hand, Cao et al [12] found that the strength of bicrystal graphene varies with the mis-orientation angle. For instance, it was reported that the strength of zigzag-oriented graphene is slightly larger than that of armchairoriented graphene. Such behavior could be attributed to difference of structure and periodicity of each grain boundary. These differences lead to creation of heterogeneous stress field around the crack tip.
Mortazavi and Cuniberti [13] have studied the strength of polycrystalline graphene by means of molecular dynamics simulations. They compared the strength of pristine graphene with poly crystalline graphene with different grain sizes. Their results showed that the mechanical properties of graphene are lower when grain size decreases. However, they discovered that continuous decrease of grain size up to ultrafine grain leads to strength that is similar to that of pristine graphene.
In the present study, deformation and fracture of graphene bicrystal along symmetric tilt grain boundaries (STGBs) are investigated by means of molecular statics/dynamics simulation, in which the adaptive intermolecular reactive empirical bond order (AIREBO) potential [14] is employed. The critical stress intensity factors (SIFs), as a function of the mode I loading, were evaluated at the onset of bond breaking for different (STGBs). These investigations are crucial for further development on using graphene in Nanoelectromechanical systems (NEMS) and Microelectromechanical systems (MEMS). , containing approximately 43000 carbon atoms were used. The interaction between carbons atoms are described by employing the newly constructed adaptive intermolecular reactive bond order (AIREBO) potential [14] . The AIREBO potential correctly reproduces the mechanical properties of graphene sheet including formation and breaking of bonds [16] [17] [18] . [19] . Periodic boundary conditions are imposed on x,y and z directions. Initially, the generated configuration is equilibrated using conjugate gradient algorithm. After that, the system equilibrated for 20 ps using isobaric-isothermal (NPT) ensemble, and then the bicrystal uniaxially deformed along y-direction with strain rate The minimum energy configurations of the generated edge crack and surrounding carbon atoms ,green and red atoms, within the STGB bicrystal graphene can be obtained by applying conjugate gradient method implemented within LAMMPS [19] . The interaction between carbon atoms was determined in which AIREBO potential [22] was used to describe the C-C interactions. Then, a controlled displacement Again, the energy minimization is performed to relax the system. In order to allow for the crack tip to propagate, the last two steps are repeated, and the coordinates of crack tip position is recorded. Figure 3 displays the typical stress-strain curves of bicrystal graphene with different STGBs. From the slopes, in elastic regime, the Young's moduli are easily calculated. Additionally, the values of ultimate tensile strength (UTS) and the fracture strain are determined and listed in Table . 2. It is clear that, pristine graphene has the largest value of Yong's modulus (about 850.2 GPa) which is consistent with the reported data for theoretical [23] and experimental [9, 10] studies. Also, it is found that pristine graphene has the highest ultimate tensile strength and fracture strain compared to bicrystal graphene. In the case of STGBs, the values of UTS and fracture strain of armchair-oriented GBs are significantly greater than those of zigzag-oriented GBs. Besides, we find that the value of UTS increases as the tilt angle increases for both armchair and zigzagoriented GBs ranging between 20~30 GPa. Similarly, the value of the fracture strains varies is increasing with tilt angle from 19-34%. In comparison with experiments, the atomistic results
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show the lower limit of the above data agrees very well with the experimental value of threshold strain beyond which mechanical failure often occurred in polycrystalline graphene. It was noticed that the failure of the bi-crystal graphene exhibits two different failures. For Σ93 and Σ79, failure occurs by formation and propagation of crack through the STGB. While in the case of Σ39 and Σ31, failure is characterized by formation and growth of elliptical cracks. In general, the incipient failure is denoted by the formation of strings known as monoatomic carbon chains (MACCs). The MACCs are gradually stretched up to a few nanometers as the boundary displacement increases. This finding is clearly in agreement with the experimentally observed MACCs strings during elongation of graphene [24] . K for Σ93 and Σ 79 are comparably higher than those of Σ39 and Σ31 suggesting that the zigzag-oriented GBs exhibit stronger resistance to crack propagation along STGB in comparison to armchair-oriented GBs. The atomistic results show that introducing GB leads to lowering mechanical properties of graphene. For instance, Young's modulus, ultimate tensile strength as well as strain to fracture are reduced by inclusion of STGBs. On the other hand, fracture toughness was examined for different STGB graphene bicrystal with a preexisting an edge crack. The critical SIFs are estimated using fitting the vertical displacement of outer boundary to linear elastic fracture mechanics and crack tip opening displacements method at the incipient of bond breaking. The results indicate that, pristine graphene has the highest value of critical SIFs as illustrated by Σ1 compared to graphene with STGBs. We concluded that the crack propagation along STGBs of graphene is significantly influenced by nature of structure and periodicity of GBs. Based on finding of this study, zigzag-oriented GBs exhibit relatively improved mechanical properties than those of armchairoriented GBs in bicrystal graphene.
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